Abstract: Self-assembly of the 40/42 amino acid A! peptide is a key player in Alzheimer's disease. A!40 is the most prevalent species, while A!42 is the most toxic. It has been suggested that the amino acids 21-30 could nucleate the folding of A! monomer and a bent in this region could be the rate-limiting step in A! fibril formation. In this study, we review our current understanding of the computer-predicted conformations of amino acids 23-28 in the monomer of A!(21-30) and the monomers A!40 and A!42. On the basis of new simulations on dimers of full-length A!, we propose that the ratelimiting step involves the formation of a multimeric !-sheet spanning the central hydrophobic core (residues 17-21).
INTRODUCTION
Self-assembly of the A! peptide is a key step in the development of Alzheimer's disease [1] . A!, which is produced through endoproteolysis of the !-amyloid precursor transmembrane protein by !-and "-proteases [2] , essentially exists in two forms. A!40 is the most prevalent species, while A!42 is the most toxic. The A!42 sequence is defined by DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLM VGGVVIA, with amino acids 1-10 indicated in italics, 22-28 underlined and 41-42 in bold. Both A! peptides are random coil in solution [3, 4] and assemble into small molecular weight species that remain in dynamic equilibrium, until the emergence of a critical nucleus leading to the rapid formation of amyloid fibrils [5] .
Because of their transient character, the early aggregated species, which might be the most toxic [5, 6] , are difficult to characterize at an atomic level of detail using the standard tools of biology. It was shown, however, using scanning tunnelling microscopy on a surface of atomically flat gold that A!40 measures 3-4 micrometers at low concentration, with a conformation in which the chain is folded into 3 or 4 domains [7] . In addition, fluorescence resonance energy transfer indicates that A!40 and A!42 form stable dimmers [8] and that A!42 forms stable trimeric or tetrameric species, but A!40 does not [9] . Circular dichroism (CD) and nuclear magnetic resonance (NMR) studies of low molecular weight A!, consisting of a dynamic mixture of monomers, dimers and multimers as large as heptamers, identify 60-80% of random coils, 10-20% of !-strand and less than 10% of #-*Address correspondence to this author at the Laboratoire de Biochimie Théorique, UPR9080 CNRS, Institut de Biologie Physico-Chimique et Université Paris 7 Denis-Diderot, 13 rue Pierre et Marie Curie, 75005 Paris, France; E-mail: normand.mousseau@umontreal.ca or philippe.derreumaux@ibpc.fr Both authors contribute equally helix [10, 11] . While these studies offer precise information on the average structure, they result from the signal of a wide range of oligomeric species. These cannot provide, therefore, direct information of the organization of specific species.
Atomic knowledge of the structures of the A!40 and A!42 monomers and dimers is an essential step in understanding the aggregation process because they may represent building blocks for larger oligomers. Recently, limited proteolysis coupled to mass spectrometry offered strong evidence that the amino acids 21-30 are protease resistant in the monomers of A!40 and A!42 [12] . Using NMR, the fragment A!(21-30) was also found to display two structural families sharing a turn formed by residues Val24-Lys28 [12] . By combining this finding with the observed NMR propensity of the 21-30 region for turn-or bend-like structures in the A!40 and A!42 monomers [3] , Lazo et al. suggested that the region 21-30 could nucleate the folding of full-length A! [12] . Adding a lactam bridge between Asp23 and Lys28, Meredith et al. increased the A!40 fibrillogenesis rate by three orders of magnitude and proposed that the formation of a bent structure within residues 23-29 could be the rate-limiting step in A! fibril formation [13] . This hypothesis is very attractive, because solid-state NMR and in silico studies suggest a fibril model with each chain displaying two !-strands connected by a loop region spanning approximately the amino acids 24-29 [14, 15, 16, 17] . Whether the salt bridge between Asp23 and Lys28 is intra-or inter-molecular remains to be determined, the 2002 Ma-Nussinov [15] and 2002 Tycko [14] models pointing to an intramolecular interaction, while the 2006 Luhr [16] and 2006 Tycko [17] models suggest an intermolecular interaction.
Here, we review our current understanding of the simulation-derived conformations of the amino acids 22-28 within the monomer of A! (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and the monomers and dimers of A!40 and A!42. In particular, we focus on whether the formation of a loop in the region 21-30 is the rate-limiting step in A! fibril formation. Reviews on the use of simulations to understand protein aggregation in general and the assembly of small amyloid-forming peptides A! can be found elsewhere [15, [18] [19] [20] [21] [22] .
EQUILIBRIUM CONFORMATIONS OF A!(21-30) IN SOLUTION
NMR spectroscopy indicates that the monomer of A!(21-30) preferably visits two ensemble of conformations sharing a turn between Val24-Lys28 in solution [12] . This finding is interesting for two reasons. First, in contrast to peptides of similar length which are mostly disordered [23] , A!(21-30) is stable and well structured. Second, the existence of welldefined conformations allows for a comparison of the prediction quality of the various methods used for studying the aggregation of proteins.
Four series of simulations have been performed on A! (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . These include standard molecular dynamics (MD) [24] , replica-exchange molecular dynamics (REMD) [25] , discontinuous molecular dynamics (DMD) [26, 27] and ART-OPEP [28] . MD, which integrates Newton's equation of motion with a time-step of 2 fs, was performed with the all-atom CHARMM force field and TIP3P water model at 283 K for 100 ns [24] . REMD runs in parallel a series of MD simulations (or replica) at various temperatures and exchanges them periodically using the Metropolis criterion. REMD was applied to A!(21-30) with the all-atom GROMOS force field and TIP3P water model using a total of 36 replicas (each for 20 ns) varying between 300 and 600 K [25] . DMD, which uses a much simplified implicit solvent force field with square-well interactions to evolve the time based on collisions, was performed at 300 K for 50 ns using all heavy main-chain atoms and the side chains modelled by one or two beads [26] . The square-well DMD force field was shown to fold the 20-residue Trp-cage peptide into its native "-helix-turn-strand conformation; but this does not guarantee the transferability to other proteins [29] . ART-OPEP simulations are discussed below.
The MD, REMD and DMD simulations confirm the existence of a turn between Val24-Lys28 stabilized by side-chain interactions between the negatively charged Glu22 (or Asp23) and the positively charged Lys28 amino acids. However, the REMD-generated structures differ from NMR. Table 1 gives a detailed description of the NMR data [12] with the dominant clusters C1 (30% populated) and C2 (10% populated) identified by the REMD simulations [25] . Two and three inter-proton distances are violated by more 1.5 Å in the C1-REMD and the C2-REMD clusters, respectively and thus the REMD simulations fail to meet the NMR data.
Recently, we also revisited the conformation of A!(21-30) using ART-OPEP [30, 31, 32] , a combination of OPEP, the Optimized Potential for Efficient peptide structure Prediction [33] [34] [35] [36] and the ART nouveau version [37] of the activation-relaxation technique [38] . In essence, ART nouveau brings at each event the system from one relaxed state to another, going through an activation barrier, and accepts or rejects the move according to the Metropolis criterion. ART offers therefore a rapid sampling of low energy conformations, though, in principle, is not designed to provide accurate thermodynamics. OPEP differs from the all-atom CHARMM and GROMOS force fields in that it is a coarse grained implicit solvent force field, with all backbone treated (including the amide hydrogen and oxygen) and one bead for all side chains, two-body side-chain-side-chain and hydrogen-bonding (H-bonding) interactions, four-body H-bonding interactions and short-range potentials. OPEP also differs from the DMD force field, in that it has been tested on several non-amyloidogenic proteins in solution, showing high accuracy in reproducing native structures, starting from randomly chosen states. For example the root-mean square deviation between the experimental and simulated structures is within 1 Å -3 Å for a 16-residue !-hairpin, 24-residue zinc finger, 46-residue three helix-bundle and 56-residue domain B1 of protein G [35, 41, 36, 40, 32, 39] . In addition, ART-OPEP also revealed reptation moves of the chains in the late aggregation steps of amyloids, in settings varying from dimers to heptamers [18, 42, 43, 44] , this was validated by IRedited spectroscopy [45] .
Using the most recent parameter set (OPEP version 3.0) refined on 30 proteins [46] , we found that the equilibrium structures of A!(21-30) can be described by three superclusters. While the SC1-ART and SC3-ART structures satisfy the NMR constraints (see Table 1 ) and superpose well on the NMR-1 and NMR-2 structures, a new cluster, SC2-ART, is identified [28] . Like SC1-ART and SC3-ART, SC2-ART displays a loop spanning residues Val24-Lys28, but is somewhat more extended, with an inter-proton distance between 22"-30N of 7.4 Å that cannot be identified by NMR. Whether SC2-ART is an important basin remains to be determined, but the persistence of a loop at position 24-28 in the populated states is certainly responsible for the high stability of A! (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) in solution. This is consistent with the REMD analysis [25] . Interestingly, we find structures deviating by 1.2 Å from the conformation within the fibril model, using residues 22-28. But, this state is destabilized by 5kcal/mol with respect to the SC1-ART minimum, emphasizing the role of adjacent residues or polymerisation in stabilising the loop in its fibrillar conformation.
STRUCTURE OF REGION 23-28 IN THE MONO-MERS OF A!40 AND 42
There has been several studies on various A! fragments containing the region 22-28, and notably the peptide A!(10-35). It is not clear to what extent results on A!(10-35) can be extrapolated to full-length A!. Both A!(1-40) and A!(10-35) fibrils share a parallel arrangement of the chains [14, 47] . The deletion of residues 1-9 is believed to be marginal because A!(10-40) forms fibrils with a morphology similar to the full-length peptide [48] . But, the neglect of the hydrophobic patch VGGVVIA spanning residues 36-42 is certainly more problematic, because the NMR structure of the monomer of A!42 shows a higher propensity for !-strand than the monomer of A!40 [3] , and the polymerization pathways vary from A!40 to A!42 [9, 10] .
The structure of the fragment A!(10-35) was probed by REMD [49] and MD [50] simulations in explicit solvent. The REMD study uses the OPLS-TIP3P force field, 72 replicas each of 7 ns with T varying between 280 and 580 K. Standard MD analysis is based on five independent trajecto-ries at 300 K, for a total time of 100 ns using the CHARMM-TIP3P force field. For validation, Baumketner and Shea calculate the long-range NOE constraints from their REMD sampling and compare them with NMR [51] : four of the thirty NMR constraints are violated by more than 2 Å. In contrast, Tarus et al., with MD, calculate the pKa values of the titratable groups, finding good agreement with experimental data. Both simulations suggest that A!(10-35) is well described by an ensemble of predominantly random coil structures in dynamic equilibrium. This finding is supported by 1.2!s MD simulation using the GROMOS-SPC force field, although marginally populated strand-loop-strand conformations (with a loop spanning residues 23-28) are detected [52] . However, these simulations reach fully divergent conclusions in regard with the formation of the salt bridge between Asp23 and Lys28: populated in 60% of the structures by REMD [49] and 25% of the structures by MD [50] .
Full-length A! peptides were subjected to both short and long timescale simulations. Short timescale trajectories typically cover 10-70 ns. For instance, Xu et al. reported 12 independent all-atom MD simulations of A!40 in aqueous solution at 300 K starting from the NMR structure determined in aqueous SDS micelles at pH 5.1, i.e., a coil-"-helix [53] . Similarly, Flock et al. [54] , Luttman and Fels [55] , and Tomaselli et al [56] reported all-atom MD trajectories of A!42 using various pH and T (300-350 K) conditions starting from the NMR structure in a nonpolar environment, i.e. two "-helices. All these short unfolding MD studies do reveal transitions from "-rich to !-rich conformations, but cannot capture the equilibrium structures sampled by the monomer.
Larger phase space or conformational sampling was also reported [57] [58] [59] [60] . Raffa and Rauk studied the conformational structure of A!42 in solution using a 790 ns MD simulation with the GROMOS-SPC force field [58] . They found that after 350 ns A!42 stabilizes into a collapsed coil conformation, with a salt bridge Asp23-Lys28 formed and three !-strands in antiparallel register: Glu3-Arg5, Asp7-Glu11 and Gly33-Gly37. Whether this state is metastable remains, however, to be determined. Based on a four-bead protein model with hydrogen bonding and amino acid-specific energy terms, Lam et al. studied the folding of A!42 within a wide temperature range [57] . They found that A!42 adopts collapsed coils with a small amount of "-helix at low T and !-rich structures at high T. Notably; they observed a stable turn structure spanning Asp23-Lys28 and a turn at positions Gly37-Gly38. Baumketner et al. compared their REMDgenerated structures of A!42 at pH 7 with ion-mobility mass spectrometry experiments [59] . Two simulations were performed using the all-atom CHARMM force field, 20 replicas, each of 20 ns with T varying between 250 and 650 K: one with the implicit GBSA solvent scheme and the other in vacuo. Best fitting between the experimental and calculated arrival time distributions was achieved by assuming that A!42 is in equilibrium between four distinct topologies with many turns and loops, a short "-helix in the hydrophobic Cterminal region and various conformations of the region 23-28. The convergence of these simulations was, however, questioned by Sgourakis et al. who performed a comparison of their OPLS-TIP3P REMD structures with the experimental 3 J HNH" -coupling constants, showing that at least 60 ns per replica are required to equilibrate A!42 [60] . Their REMD simulations reveal the existence of structured regions within the otherwise flexible A! peptides. The two A!40 structures of highest probabilities at 300 K (21% and 11%) display a short 3 10 helix in the N-terminal and a two-stranded antiparallel !-sheet spanning Val12-His13 and Leu17-Val18. In contrast, the two dominant structures of A!42 (found with a probability of 21% and 6%) display a !-hairpin at positions Ile31-Leu34 and Gly38-Ile41. Although the dominant A!40 and A!42 structures vary, none displays salt bridges between residues Glu22 (Asp23) and Lys28.
As discussed above, convergence of the simulations is a critical issue. It is beyond the scope of this article to discuss this aspect dependent on the chain length and the representation level of the protein and the solvent. In the OPEP-based studies reported here, we verified that the same low-energy structures are located starting from uncorrelated states using ART simulations, and the secondary structure probability of each residue remains essentially unchanged using independent time windows of REMD simulations.
Following ART-OPEP simulations on A!(21-30), we pursued on the monomer of A!42. Based on 15 simulations of 15,000 events starting from either a fully extended state or the Tycko 2002 fibril model with residues 1-9 extended, we find that A!42 populates equally four topologies with varying hydrogen-bonding networks and topologies. This finding is fully consistent with the recent CD and NMR evidence that the full-length A! peptide is in equilibrium between unstructured and partly structured states [61] . Fig. (1) [3] . We find a clear signature of a turn at positions Gly37-Gly38 (75%, from R3, R4 and R15) and salt bridges between Asp22 (or Glu23) and Lys28 (75%, from R4, R7 and R15). Using a total of 3920 low energy structures, we find a Pearson's correlation coefficient of 0.36 between the ART-derived and experimental 3 J HNH" constants, i.e. a rather good agreement with the all-atom explicit solvent REMD-derived values of 0.43 using OPLS and 0.27 using AMBER, [60] although ART does not treat thermal fluctuations. 
STRUCTURES OF AMINO ACIDS 23-28 IN DIMERS OF A!40 AND A!42
Very little is known on the dimeric structures of fulllength A! from both the experimental and theoretical fronts, although dimers are necessary and sufficient to disrupt cognitive function [62] . As for the monomer, the assembly of A!(10-35) dimers was investigated by MD simulations [63, 64] . Using REMD simulations with the all-atom AMBER force field and the GBSA solvent model, 32 replicas within 280 -405 K, each of 146 ns, Jang and Shin found various dimeric topologies with an averaged !-sheet content of 40% [64] . Comparison with the experimental !-sheet content (10-20%) for a mixture of low molecular weight species suggests either a bias of the AMBER force field for !-sheet or the non-convergence of the simulations to equilibrium values.
Dimerization of A!40 and A!42 was studied by DMD simulations using a four bead model for each amino acid and a simple energy function neglecting the apolar vs. polar character of the side-chains [65] . !-hairpin monomers were found to assemble into multiple planar !-sheet dimers, but all these assemblies were found instable using all-atom MD.
As a first step towards understanding the structures of A!42 dimers, we performed two series of simulations. Firstly, we examined the impact of the point mutation A21G on the structure of A!(9-40) and A!(9-42) dimers by temperature-mediated unfolding MD simulations for 10 ns at 400 K using the GROMOS96 force field at neutral pH [66] . The all-atom explicit solvent simulations started from the 2002 Tycko fibril model with the intramolecular Asp23 Lys28 salt bridge formed [14] . We find that the intramolecular Asp23 Lys28 salt bridge is populated 34% of the time in A!42 and A21G reduces its occurrence, 22% of the time in A!42-A21G. Similarly, the intramolecular Glu22 Lys28 salt bridge is also populated between 10 and 16% of the time in all models. Interestingly, the intermolecular salt bridge between Asp23 and Lys28, one fingerprint of the 2005 Luhr model [16] and the 2006 Tycko model [17] , is also populated in all simulations: 3% of the time in A!42 vs. 23% in A!40 and 13% in A!42-A21G. Although these simulations do not probe the equilibrium structures, they suggest that all the intramolecular and intermolecular salt bridges between residues Glu22 (or Asp23) and Lys28 are populated to some extent at the dimeric level, but higher oligomeric species are necessary to stabilize the salt bridges in their amyloid-fibril conformations.
Secondly, we explored the free energy surface of the A!42 dimers in the vicinity of the 2002 Tycko structure (with residues 1-9 extended) using the OPEP force field, MD [67, 68] and REMD methodologies. An early study on the dimer of A! (16) (17) (18) (19) (20) (21) (22) shows very high similarity between the REMD-OPEP free energy surface and that generated by all-atom explicit solvent REMD simulations [22, 68] . The REMD simulations are performed using 32 replicas between 290 and 650 K and running for 130 ns at each T. For the analysis, the first 30 ns are discarded and clustering is performed on the structures sampled at 300 K. Using a cut-off of 2.5 Å, the 5566 structures are classified into 85 clusters, with the largest 20 representing 83 % of the ensemble and probabilities varying between 10 and 1 %. Looking at the secondary structure, these clusters show an averaged !-sheet and "-helical contents of 20% and 5% at 300 K, i.e. values consistent with experiments [10, 11] . Fig. (2) shows the first four populated states at 300 K with Boltzmann probabilities of 10%, 8%, 8% and 7%. Using the 5566 structures, we find that the region Glu22-Ser26 has a probability of 18% to form a helix (see clusters 1 and 4 in Fig. (2a) and (2d) ) while residues Glu3-His6 and Tyr10-Val12 have a probability of 30% to form a !-sheet in parallel register. We also find that the probability of forming an intramolecular contact between Asp23-Lys28 (42%) is higher than that between Glu22-Lys28 (36%) and intermolecular side-chain interactions between Glu22-Lys28 and Asp23-Lys28 are also populated: 14% and 24%, respectively. Importantly, all these salt bridge probabilities are less than 50%, this strongly indicates that the region 22-28 does not fold as an independent unit, contrary to previous conclusion based on in silico study of A!(10-35) [49] . To our surprise, the probability of forming a !-strand in the CHC region and at the hydrophobic positions Ala30-Ile32, Leu34-Val36 and Val38-Ala42 is negligible, less than 1%, although the probability of intramolecular interactions between CHC and (Met35, Val40 and Ile41) and the probability of intermolecular interactions between the CHC regions is not negligible.
V. CONCLUSIONS
It has been hypothesized that the formation of a loop within the region 21-30 could be the rate-limiting step in A! fibrillization [12, 13] . Support comes from the observation that A! with a lactam bridge between Asp23 and Lys28 increases the A!40 fibrillogenesis rate by three orders of magnitude and shows no detectable oligomers by size exclusion chromatography [13] .
Most of the simulations performed thus far on monomers of A!(10-35), A!40 and A!42 suggest that the Asp23-Lys28 salt bridge is formed with a probability varying between 20% and 100% depending on the method and the force field used. New simulations presented here on dimers of A!40 and A!42 provide further evidence that this salt bridge forms in a minority of structures and could act as a seed in higherorder species. The region 22-28 is, however, very hydrophilic in character (EDVGSNK) and fibril formation requires the expulsion of water molecules to bury Lys28. Based on a free energy disconnectivity graph, Tarus et al. estimated a free energy cost of 7 kcal/mol in the A!(10-35) monomer [50] . Using the transition state theory, the time required for such barrier crossing is within the microsecond timescale, and so other factors must contribute to the rate-limiting step.
Based on the fact that A!(14-23) forms fibrils with the same morphology as full-length A! [69] , and the finding that the CHC region (residues 17-21) does not display any significant !-strand signal in the REMD-OPEP simulations of the dimers of A!40 and A!42, we propose that the lactam bridge impacts the flexibility of the CHC region and increases its propensity for !-strand to a high level. This would lead to a strong preference of native vs. non-native intermolecular interactions [70] between the CHC regions and a bias for amyloid-competent interactions between the CHC region and Met35 [71] , which in turn substantially reduce the free energy barrier between dimers and fibrils. In summary, it might be important to consider that the rate-limiting factor is not the sole formation of a bend structure but rather the formation of a multimeric parallel !-sheet spanning residues 17-21. This hypothesis is fully consistent with the observation that a proline at position 19 blocks fibril formation and the design of inhibitors aimed at interacting with the CHC region [72] .
